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Metallic  wires  and bars  are produced  by  axisymmetric  drawing  of  hot  rolled  material  and  must  not
display  surface  defects  that  impair  their  service  use  or whose  opening  during  subsequent  cold  forming
is  unacceptable.  Experimental  and  numerical  (Finite  Element  Analysis  – FEA)  analyses  of  the evolution
of  longitudinal  superﬁcial  defects  in  copper  bars  during  seven  successive  axisymmetric  drawing  passes
are presented.  The  initial  experimental  defects  displayed  a rectangular  cross-section,  1  mm  wide and  0.3,
0.6 or  0.9  mm  deep;  the  two  latter  evolved  after  drawing  into  the  “inverted  Y” defect  already  reported
in the  literature,  but  the  former  led to a newly  reported  “double  V”  defect.  There  was a good  agreement
between  the  results  from  experiments  and  FEA  and  further  analyses  were  then  carried  only  through  FEA,
covering  two  other  materials  (a  carbon  steel  and aluminum),  a decrease  in  the  defect  width  (from  1.0 to
0.5  mm)  and  an  inclination  of 15◦ or 30◦ of  the  walls  of  the  1.0  mm  wide  rectangular  defect.  The defect
evolution  was  similar  for the  three  materials;  the  decrease  in the  defect  width  enhanced  the  incidence  of
“inverted  Y”  defects,  and  indicated  the  formation  of  newly  reported  “Radial”  and  “Inverted  V”  defects.  The
inclination  of  the  defect  walls  led to  the  possibility  of a change  from  the  “inverted  Y”  defect  to  a  “double
V”  one.  Defects  0.3  mm  deep  and  with  walls  at 30◦ were  eliminated  by  the present  drawing  sequence.  A
novel  approach  for the  prediction  of the effect  of the  initial  superﬁcial  imperfections  on  the  ﬁnal  drawn
stock,  through  the  so  called  “defect  evolution  maps”  is presented.. Introduction
Metallic round-section steel, aluminum and copper wires are
assively used by mankind in various artifacts and as the raw
aterial for further processing by cold deformation. Dove (1990)
rovided exhaustive technical details on the technology of steel
ire drawing and on the many artifacts manufactured thereof.
SITC (2008) covered updated data on the manufacturing and con-
umption of wires. Annual Data (2008) analyzed the world wire
roduction of copper wires, which are widely employed as electri-
al cabling.
Wire breaks are the major problems in the drawing step of wire
anufacturing, and are commonly associated with surface defects
i) initially present in the hot rolled material, (ii) originated in the
andling of the wire rod between the hot rolling step and the draw-
ng shop or (iii) during drawing itself. Yalamanchili et al. (2000)
resented a thorough discussion of the various surface defects
aused by the handling of steel wire rods and their consequence on
he incidence of breaks during subsequent wire drawing. Wire Rod
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Defects (1973) supplied a detailed catalogue of the many types of
steel wire rod defects detected in the wire industry. Klemens (1985)
listed the various surface defects found during wire drawing, and
systematically classiﬁed them in groups. Wright (2002) presented
a detailed discussion on the so called “crow’s foot” defect on the
surface of drawn steel wires.
Surface defects that do not cause breakages but remain in the
ﬁnal wire are very detrimental to subsequent cold forming (espe-
cially in cold heading). Hilker & Partner (2008) discussed situations
where such defects open up during the heading of fasteners, leading
to their scrapping. The service performance of ﬁnal products bear-
ing undetected superﬁcial defects may  be irreparably decreased;
Griza et al. (2009) presented a case where such a defect caused a
damaging fatigue service failure.
The above situation highlights the importance of studies on
the evolution of superﬁcial defects, originally present in the raw,
hot rolled material, during axisymmetric drawing. Special empha-
sis should be laid on the possibility of the elimination of these
defects in the drawing step. Ervasti and Stahlberg (1999) ana-
Open access under the Elsevier OA license. lyzed the evolution of longitudinal defects in steel slabs during
hot rolling, employing artiﬁcial “V” shaped defects introduced in
model aluminum slabs. They compared the experimental results
for the evolution of these defects during model rolling with
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Table 1
Chemical composition of CP copper.
Cu% Pb% Fe% Zn% Ni% Al% Mg%38 F.C. Magalhães et al. / Journal of Materia
redictions from a numerical simulation, where the roll radius and
he coefﬁcient of friction between the material and the rolls were
aried. Ervasti and Stahlberg (2000) repeated a similar numerical
imulation for artiﬁcial “V” shaped transversal defects in the rolling
f slabs. Both studies showed that in almost all cases the original
efects remained in the ﬁnal slab after rolling. Son et al. (2008)
ublished a thorough review of previous experimental studies on
uperﬁcial defects during the hot rolling of round section wire
ods; they also presented a Finite Element Analysis (FEA) for the
volution of “V” shaped longitudinal defects, positioned at 3 loca-
ions in the initial section of a wire rod, which was submitted to a
equence of 4 rolling passes (round–oval, oval–round, round–oval
nd oval–round). The defects were 1 mm deep and displayed “V”
ngles of 30◦ or 60◦. Similarly to Ervasti and Stahlberg’s results for
labs, the simulation indicated that in all cases the defects were
ot eliminated by rolling, and frequently led to closed “laps” in the
aterial. Shinohara and Yoshida (2005a) presented a FEA of the 2
nitial rolling passes of wire rods (square–oval, oval–round) where
rtiﬁcial longitudinal “V” shaped defects were introduced (4.8 mm
eep, “V” angle 30◦) at three different positions in the initial billet.
heir report also indicated that almost all initial defects remained
n the billet as a closed lap, after the 2 rolling passes.
The evolution of initial longitudinal superﬁcial defects during
old axisymmetric drawing has received little coverage in the lit-
rature. Yoshida and Shinohara (2004) introduced longitudinal
efects in a 10 mm diameter copper bar, which was  drawn in suc-
essive passes with lubrication between the material and the dies.
he defects had a rectangular cross-section with a surface open-
ng of 0.5 mm and a 0.5 mm depth. The results for the evolution
f these defects during drawing, obtained from a FEA, indicated
he occurrence of an “inverted Y” shaped defect after a few passes.
he authors also showed that the presence of the lubricant affects
he geometrical evolution of the longitudinal defect. Shinohara and
oshida (2005a) analyzed the evolution during drawing of a super-
cial longitudinal defect introduced in a SUS 304 stainless steel bar
0 mm in diameter; the defects were “V” shaped, 0.3 mm deep and
he “V” angle was in the range of 30–150◦. Drawing was  performed
ith die semi-angles of 6◦ or 13◦ and with 10% or 28% reduction
er pass. It was shown that larger “V” angles, larger die semi-angles
nd heavier area reduction per pass led to a quicker decrease in the
efect depths. However, the ﬁnal product almost always displayed
 defect with an overlap in its root and an opening at the bar sur-
ace. Shinohara and Yoshida (2005b) reported a FEA analysis of the
rawing of a 10 mm diameter bar containing an initial longitudinal
efect with a rectangular cross section displaying a surface opening
f 0.3 mm and a depth of 0.3 mm.  The results indicated that after
 drawing passes the defect was closed at the bar surface, but an
nternal overlap, with the shape of an “inverted Y”, remained in the
aterial.
The above mentioned papers report limited experimental
esults for the evolution of the longitudinal defects, viewed in the
ross-section of the bar. In addition, they do not supply detailed
ata on the dimensional evolution of the cross-section of the lon-
itudinal defects along the drawing schedule; ﬁnally, the initial
ongitudinal defects ran along all the specimens (the so called
scratches”). The present work analyzes, both experimentally and
hrough a FEA, the detailed dimensional evolution of artiﬁcial lon-
itudinal surface defects with a rectangular cross section, ﬁxed
ength and width but with various depths, in copper bars sub-
itted to axisymmetric drawing in up to 7 successive passes. It
s shown that the evolution of longitudinal defects varies along
he length of the defect, a situation previously not covered in the
iterature. Yoshida and Shinohara (2004) reported that the lubri-
ant employed in their drawing passes ﬁlled the surface defect
nd interfered with their geometrical evolution along the drawing
equence. In the present case, copper was drawn without lubricant,99.9 0.018 0.010 0.012 0.005 0.049 0.007
thus eliminating this perturbation on the experimental results. The
good agreement between the experimental and simulated results
allowed a FEA of the effect of variations in the material (represented
by a low carbon steel and aluminum) and in the cross-section of
the defect, represented by a change in its shape or a decrease in its
width. It is shown that initial longitudinal defects with a rectangular
cross-section always lead to superﬁcial defects in the ﬁnal drawn
products; new types of defect (the so-called “double V”, Radial – “R”
and “Inverted V” defects) are reported. Defects with an initial cross-
section displaying a “V” shape with ﬂat bottoms may  be eliminated
by drawing, if the “V” internal angle is large enough.
A novel approach to the analysis of the defect evolution, employ-
ing a newly developed “defect evolution map” is presented. These
maps consider the dimensional evolution of the instantaneous
defect depth divided by its initial depth (DBD/Hi), of the instan-
taneous defect superﬁcial opening divided by its initial opening
(DSO/Wi) and of the defect corner lap length divided by the initial
height of the defect (LL/Hi) along the drawing pass sequence, and
indicate the processing conditions leading to products displaying
the “inverted Y”, “double V”, Radial – “R” or “Inverted V” defects or
where the initial defect was  eliminated.
2. Materials and methods
2.1. Material
The material was commercial purity (CP) copper, with the chem-
ical composition displayed in Table 1. The initial copper bars had
a diameter of 12.7 mm  and were 3–4 m long. Copper was cho-
sen due to its technological importance, availability and especially
because it could be drawn without lubricants, that could ﬁll the arti-
ﬁcially introduced surface defects and affect their evolution during
drawing, as previously discussed. The hardness of the as-received
material was  HV 834 ± 5 MPa.
Room temperature tensile testing of the as-received material, in
order to determine its true stress–true strain curve necessary for
the FEA, was performed in an INSTRON universal tester model 4482
with a MERLIN controller and a 2630-100 INSTRON extensometer
with a gauge length of 25 mm.  Tensile testing was  performed at
a crosshead speed of 4 mm/min, corresponding to an initial strain
rate of 0.0011 s−1. Three tests were performed on specimens with
a diameter of 10 mm and a gauge length of 60 mm.
Load and conventional strain data were directly obtained from
the load cell and the extensometer up to the specimen neck
inception (during the uniform strain). These data were then con-
ventionally converted into true-stress versus true strain data
(Dieter, 1986a).  After necking, the test was  periodically stopped
and the load, the minimum specimen diameter and the neck radius
of curvature were measured, so that the corresponding true-stress
and true strain could be evaluated, considering Bridgman’s correc-
tion for stress triaxiality (Dieter, 1986b).  The resulting effective true
stress versus effective curve is described by the equation:  = 439.6
ε0.192 MPa.
2.2. Axisymmetric drawingAxisymmetric drawing was performed with an especially built
ﬁxture adapted to the INSTRON tester, and employed Tungsten car-
bide (WC) dies with a die semi-angle of (5 ± 0.2)◦ and a die land
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(ig. 1. Illustration of the position of the artiﬁcial longitudinal defects on the bar
urface.
ength of 15% of the die exit diameter. Drawing involved up to
 successive passes, each one with an area reduction per pass of
0%. Drawing speed was  0.67 mm/s  and no lubricant was utilized
etween the dies and the material. The surface temperature of the
aterial was measured immediately after the die exit, employ-
ng a J type contact thermocouple and a digital thermometer. The
easured temperature rise was of the order of 1 ◦C, characterizing
he process as an isothermal one. This is associated with the low
rawing speed employed in the experiments.
.3. Artiﬁcial surface defects
The longitudinal defects were 15 mm long, 1.0 mm wide and
.3 mm,  0.6 mm or 0.9 mm deep, and were introduced in the speci-
ens as illustrated in Fig. 1. The longitudinal 10 mm and the radial
20◦ circumferential offsets between the defects insured that there
as no interaction between them during drawing.
The surface defects were optically photographed utilizing a Zeiss
tereomicroscope, where dimensions were measured through the
mage Pro Plus software, version 6.0.
The defects were initially introduced employing spark-erosion,
hich led, however, to irregular dimensional characteristics, as
hown in Fig. 2(a) by the regions marked with the two  circles, which
ad undesirable different widths. It was then decided to utilize a
 mm,  tungsten carbide ﬂat bottomed milling tool, and a ROMI Dis-
overy 400 milling center, with a speed of 6000 rpm, feeding speed
f 200 mm/min  and a cutting depth of 0.02 mm/pass. Machining of
Fig. 3. Irregular opening of the defect, along its length
ig. 4. Cross-section of the longitudinal experimental defect (a) initial depth Hi = 0.3 mm a
optical  microscopy).Fig. 2. Superﬁcial longitudinal defects prepared through (a) spark erosion and (b)
milling. The two circles in (a) indicate the width irregularity for two  regions along
the defect (optical microscopy).
the surface defects with tools with diameter below 1 mm proved
very difﬁcult. Fig. 2(b) shows a milled superﬁcial defect. The ends
of these defects displayed, obviously, a radius of 0.5 mm.
2.4. The evaluation of the cross-section of the longitudinal defects
Fig. 3 displays the longitudinal defect 0.3 mm deep after the 1st
drawing pass. The surface opening is not the same along the length
of the defect, which takes the approximate shape of a cotton swab.
This observation was  valid for all other situations in this research. It
was thus decided to evaluate the geometrical evolution of the cross-
section of the defect (both experimentally and numerically) always
at the mid-point along the defect length. The drawn bars were cut
with a low speed diamond disc at the defect mid-lengths, and the
sample was  metallographically mounted and polished. Fig. 4 dis-
plays the experimental result for the bar containing a defect with
an initial depth of 0.3 mm and an initial width of 1.0 mm.
It can be seen in Fig. 4 that the defect can exhibit “laps” at the
bottom corners of the defect (marked by white circles), which char-
acterize the “inverted Y” defect described by Shinohara and Yoshida
(2005b). The ﬁgure also indicates the measurements performed in
the defects (both experimental and simulated) and whose evolu-
tion will be reported.
, after drawing in one pass (optical microscopy).
nd width Wi  = 1 mm and (b) after 1 drawing pass, taken at mid-length of the defect
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Fig. 5. Additional defect shapes utilized in the simulations: (a) initial defect width of 0.5 mm (b) initial defect. Bottom width of 1 mm and defect wall inclination of 15◦ and
(c)  30◦ .
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tFig. 6. Similarity in the shape in the cross-section of (a and c
.5. Finite element simulation
The axisymmetric drawing was simulated with the commercial
EA software DEFORM 3D® (SFTC – Scientiﬁc Forming Technologies
orporation, OH, USA); thermal effects on the material behavior
ere not considered since the experimentally measured heating
as very low (see Section 2.2) and processing was isothermal. The
ars contained defects identical to those introduced artiﬁcially in
he bars through milling. In addition to these defects, simulations
ere run where (i) the initial width of the defect was 0.5 mm,  in
rder to analyze the inﬂuence of the defect opening (Fig. 5a) or
ii) the defect walls had an inclination of 15◦ or 30◦ in relation to
he bar radius (Fig. 5b and c, respectively), so that the inﬂuencerimentally obtained and (b and d) simulated surface defects.
of the defect shape could be evaluated. A mesh with 0.1 mm ele-
ments was used in the regions close to the surface defects, whereas
0.9 mm elements covered the regions far from the defects. For the
1st drawing pass, it was necessary to employ a ﬁne mesh (0.01 mm
elements) close to the defects in order to obtain corner lap lengths
(LL – shown in Fig. 4) close to the experimental ones.
The drawing dies were considered as rigid elements, and the
bar material was taken as rigid-plastic and obeying the experimen-
tally determined effective stress–effective strain curve according to
the equation previously reported. Elasto-plastic simulations were
also run, but the elastic component of the strain was orders of
magnitude below those associated with the plastic one, and was
thus disregarded. For the simulations with low carbon steel and
F.C. Magalhães et al. / Journal of Materials Processing Technology 212 (2012) 237– 248 241
Fig. 7. Comparison of the folding at the bottom corners of the defect: (a) experimentally observed, (b) simulated with 0.1 mm elements close to the defect and (c) simulated
with  0.01 mm elements close to the defect.
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nFig. 8. Comparison of the folding at the bottom corners of the defect: 
luminum, the constitutive equations for these materials at room
emperature contained in the software library were employed
 = 126.2 ε0.242 MPa  for aluminum and  = 557.3 ε0.225 MPa  for
ow carbon steel). Friction between the die and the material was
escribed through a Coulomb friction coefﬁcient of 0.1, experimen-
ally determined from the drawing load and the drawing stress
rediction through Avitzur’s approach (Avitzur, 1968). Higher and
ower friction coefﬁcients were employed in a few simulation situa-
ions, and no appreciable effect on the geometrical evolution of the
efects was detected. When the material surfaces inside the defects
ouched one another, the friction coefﬁcient between them was
aken as 0.6 (ASM Handbook, 2005). Once again some simulations
ere run with higher or lower values of this coefﬁcient, without
oticeable effects on the geometrical evolution of the defects alongerimentally observed undulated laps and (b) simulated straight laps.
the drawing process. After the simulations, the drawn specimens
were virtually cut transversally at the defect mid-length, originat-
ing a defect description similar to the one shown in Fig. 4. The same
variables displayed in this ﬁgure were then measured employing
the measuring tool available in the software.
3. Results and discussion
3.1. The similarity of shape between the experimental and the
simulated defectsThere was a good similarity between the shapes of the cross
sections of the defects obtained experimentally or in the simula-
tions. Fig. 6 exhibits a comparison of the results for 2 situations
242 F.C. Magalhães et al. / Journal of Materials Processing Technology 212 (2012) 237– 248
Fig. 9. Comparison of the shape of the bottom of the defect: (a and c) experimentally observed (ﬂat) and (b and d) simulated (pointed).
Fig. 10. Simulation of the situation described in Fig. 9b, employing 0.01 mm ele-
m
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shows the simulation displayed in Fig. 9b (0.1 mm elements close to
the defect) but now with 0.01 mm elements in this region, leadingents close to the defect.
among the 21 cases which were evaluated) which show this sim-
larity. However, this was  not so in some cases: the comparison
f Fig. 7a and b for example, indicates that experimental corner
aps are already formed (see the bottom corners of the defect in
ig. 7a) whereas in the simulation with 0.1 mm elements close to
he defects (Fig. 7b) there is only an indication that these laps will
ccur. Fig. 7c indicates that the adoption of 0.01 mm elements close
o the defects leads to an adequate description of the lap formation
n the 1st pass; such smaller elements were thus utilized in the
imulation of all ﬁrst passes in this report.Fig. 11. Experimental and simulated evolution of (DBD/Hi) along the 7 drawing
passes for the three initial defect depths (0.3, 0.6 or 0.9 mm).
The shape of the bottom corner laps was  occasionally different
for the experimental and the simulated results. Fig. 8a and b illus-
trates a situation where the experimental laps display undulations,
which are not observed in the simulations.
In a few cases, the simulation was  not able to follow faithfully the
experimental shape of the bottom of the defect; experiments show
that the defect bottom remains ﬂat (see Fig. 9a and c), whereas the
simulations displayed a “pointed” shape (see Fig. 9b and d). Fig. 10to a result closer to the experimental situation. From the point of
view of the measurements of DBD or DSO, however, this was  of no
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Fig. 12. “Double V” defects for two drawing situations: (a and c) experimental and (b and d) simulated.
Fig. 13. Experimental and simulated evolution of the relative lap length (LL/Hi)
along the 7 drawing passes, (a) for the three initial defect depths (0.3, 0.6 or 0.9 mm)
and  (b) for the 0.6 mm deep defect, utilizing 0.1 mm or 0.01 mm elements close to
the defect.Fig. 14. Experimental and simulated evolution of DSO/Wi along the 7 drawing
passes.
consequence, since they were based on a horizontal line joining the
defect corners, as already explained.
3.2. The geometrical evolution of the defect with the drawing
passes
The Defect Bottom Depth (DBD) was measured in the experi-
mentally and in the simulated drawn bars, and then divided by the
initial depths of the defects (Hi = 0.3, 0.6 or 0.9 mm).  Fig. 11 displays
the evolution of (DBD/Hi) with the number of passes, and shows
that the simulated results coincide very well with the experimental
ones.
Table 2
Comparison between the values of LL/Hi measured in experiments and those
obtained from the ﬁtting of a surface to the experimental points.
LL/Hi for Hi = 0.3 mm LL/Hi for Hi = 0.6 mm LL/Hi for Hi  = 0.9 mm
Experiment Fitting Experiment Fitting Experiment Fitting
0 0 0 0 0 0
0.158 0.150 0.122 0.123 0.097 0.095
0.400 0.410 0.295 0.288 0.207 0.218
0.563 0.547 0.382 0.400 0.322 0.310
0.563 0.566 0.473 0.453 0.330 0.331
0.563 0.566 0.473 0.472 0.330 0.332
0.563 0.566 0.473 0.477 0.330 0.332
0.563 0.566 0.473 0.478 0.330 0.332
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The results in Fig. 11 for the initial depth of 0.3 mm indicates
hat DBD/Hi drops to practically zero after the 3rd drawing pass,
eaning that the the bottom center of the defect rises up to the bar
urface. On the other hand the bottom corners and laps remain
s surface and internal defects respectively, displaying a newly
eported “double V” surface defect, as illustrated in Fig. 12 for two
ituations.
Fig. 13a  displays the evolution of the experimental and simu-
ated relative lap lengths (LL/Hi) for the three initial defect depths
0.3, 0.6 or 0.9 mm).  Fig. 13b shows the same results, for the defect
nitially 0.6 mm deep, but utilizing 0.1 mm or 0.01 mm elements
lose to to the defect. It can be seen that 0.01 mm elements are nec-
ssary for capturing adequate results of LL/Hi for the ﬁrst pass; the
.1 mm elements already yield good results for subsequent passes,
ith a great economy in computing time. As already stated, this
ed to the use of 0.01 mm elements in all the simulatons of the ﬁrst
rawing passes in this report.
The Defect Surface Opening (DSO) was measured both in the
xperimental and simulated defects and then divided by the ini-
ial opening of the defect (Wi  = 1 mm).  The ratio of DSO/Wi along
he 7 drawing passes is plotted in Fig. 14,  where one can see that
SO/Wi decreases as the deformation is imposed. The shallower
efect (0.3 mm deep) stabilizes at a certain opening, correspond-
ng to the situation where the bottom of the defect reaches the
ar surface (DBD/Hi = 0 and formation of the “Double V” defect,
ee Fig. 12),  since the defect bottom rises faster than the surface
pening closes. On the other hand, DSO/Wi decreases faster that
BD/Hi for the 0.6 mm deep defect, reaching practically zero after
he 5th pass and resulting in the “inverted Y” defect already men-
ioned in the literature. The situation is aggravated for the 0.9 mm
eep defect, where DSO/Wi drops to zero already after the 3rd pass,
eading to a deeper “Inverted Y” than for the initially 0.6 mm  deep
efect.
The situation in Figs. 11–14 can be synthesized through a “defect
volution map” shown in Fig. 15,  and obtained through the fol-
owing procedure: the available experimental data for DBD/Hi,
L/Hi and DSO/Wi where plotted on a 3D graph and a surface was
djusted for the LL/Hi coordinate. This surface was described by iso-
LL/Hi) lines, which were then projected on the DBD/Hi–DSO/Wi
lane. Table 2 presents a comparison between the experimental
L/Hi values and those taken from Fig. 15,  indicating that the sur-
ace ﬁtting to the experimental points led to trustworthy values.
he initial defects are represented by the upper right point, where
BD/Hi = DSO/Wi = 1 and LL/Hi = 0. The 7 axisymmetric drawing
asses are represented by the three lines emanating from this point,
ach line for one of the experimental initial defect depth (0.3, 0.6
r 0.9 mm deep). The lines follow the experimental evolution of
he DBD/Hi and DSO/Wi values after each drawing pass, which are
umbered along this line. Whereas the interpolation of the exper-
mental data to the regions between the lines for the three defect
volution most probably leads to reliable results, the extrapolation
f the analysis to regions at some distance from the experimental
oundaries (which are the evolution lines for the 0.3 and 0.9 mm
eep defects) should be viewed with caution, since no experimental
oints are available for these situations.
The map  indicates that, as drawing proceeds, LL/Hi increases.
oth initial defects 0.9 and 0.6 mm deep develop into “inverted
” defects (DSO/Wi = 0, DBD/Hi and LL/Hi > 0, corresponding to the
egion within the cross-hatched bar close to the vertical axis). The
efect with an initial depth of 0.9 mm leads to a ﬁnal DBD/Hi value
bove that for the initially 0.6 mm deep defect, indicating that
eeper defects tend to have longer radial laps than the shallower
nes. This is caused by the fact that axisymmetric drawing causes
ess raising towards the bar surface of the bottom of deep defects
han of shallow ones. The opposite is observed for LL/Hi, so that
eeper defects display shorter corner lap lengths. In the case ofessing Technology 212 (2012) 237– 248
defects initially 0.3 mm deep, its bottom raises faster than the sur-
face opening closes, DBD/Hi becomes zero and LL/Hi is higher than
for the 0.6 mm deep defect; this results in the so-called “double
V” defect (DBD/Hi = 0, DSO/Wi and LL/Hi > 0), corresponding to the
region within the hatched bar close to the horizontal axis. If the
drawing led to the region corresponding the bar close to the vertical
axis with a “brick” pattern, one would have a surface defect without
corner laps (LL/Hi = 0), no surface opening (DSO/Wi = 0) and only a
radial lap with depths above DBD/Hi ≈ 0.6. Such defects were called
“R” defects (“R” for “radial” defects).
3.3. The inﬂuence of the decrease in the defect initial width on the
evolution of the defect with the drawing passes
The above analysis indicates a good agreement between the
experimental and the simulated results. The effect of changes in
the shape of the defect was thus studied only through a FEA and its
results were then compared with those for the rectangular shaped
defects. Fig. 16 displays the defect evolution map  obtained from
the simulated results for defects with an initial width of 0.5 mm
(Wi  = 0.5 mm)  and three initial depths (Hi = 0.3, 0.6 or 0.9 mm)  .The
comparison of Figs. 15 and 16 shows that narrower defects lead to
a displacement of the LL/Hi iso-lines towards the DBD/Hi axis and
away from the DSO/Wi axis. Both initial defects 0.9 and 0.6 mm
deep again end up as “inverted Y” defects, but at higher values
of DBD/Hi (deeper defects) than in Fig. 15.  In addition, the defect
with initial depth of 0.3 mm led to an “inverted V” defect (where
the radial lap has a length DBD/Hi = 0), whereas “double V” defects
are no longer observed. One also concludes that the radial laps
reported by Ervasti and Stahlberg (1999, 2000),  Son et al. (2008)
and Shinohara and Yoshida (2005a) in the ﬁnal product of hot rolled
stock will not be healed by axisymmetric drawing, and should be
carefully detected and eliminated before the ﬁnal drawing step.
3.4. The inﬂuence of the defect wall angle on the evolution of the
defect with the drawing passes
Fig. 17 displays the defect evolution map obtained from the sim-
ulated results for the initial defects with bottom widths of 1.0 mm
and wall angles of 15◦ (see Fig. 5b). The comparison of this map with
that for the defects without wall angles (Fig. 15)  indicates that the
the LL/Hi iso-lines are now displaced towards the DSO/Wi axis (a
situation opposite to that in Fig. 16,  where the initial width of the
defect was decreased) and that corner lap formation is delayed for
all initial defects. As a consequence, the initial 0.6 mm deep defect
ends up as an “inverted V” defect (where DBD/Hi = DSO/Wi = 0, but
LL/Hi > 0) instead of the “inverted Y” defect in Fig. 15,  and the
0.3 mm deep initial defect already reaches a DBD/Hi = 0 value after
pass 3, as indicated in Fig. 17.  Further drawing, however, narrows
the surface opening (DSO/Wi decreases) and leads to a “double V”
defect.
Fig. 18 shows the defect evolution map  for the simulated data
involving defects with wall inclination of 30◦. The tendency already
discussed with regard to the differences between Figs. 15 and 17
is enhanced: The LL/Hi iso-lines are displaced further towards the
right bottom corner of the map, and no ﬁnal “inverted Y” defect is
obtained; all initial defects reach the DBD/Hi = 0 line before the 7th
pass, and the 0.9 and 0.6 mm  initial defects evolve into “inverted
V” defects. Finally, the 0.3 mm deep defect reaches a DBD/Hi = 0
already in pass 2, establishing two  shallow longitudinal and par-
allel “V” shaped defects (approximately 0.1 mm deep, and with an
opening angle of about 115◦), which completely disappear after
pass 3, thus involving the elimination of the defect. It should be
noted that the increased wall angle also led to low values of LL/Hi,
and one concludes that the wall inclination is a decisive factor in
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Fig. 15. Defect evolution map  for the experimental data along the 7 drawing passes.
Fig. 16. Defect evolution map  for the simulated data, for an initial width of 0.5 mm,  along the 7 drawing passes.
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Fig. 17. Defect evolution map for the simulated data, for an initial width of 1.0 mm and wall angle of 15◦ , along the 7 drawing passes.
Fig. 18. Defect evolution map  for the simulated data, with an initial defect width of 1.0 mm and wall angle of 30◦ , along the 7 drawing passes.
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Fig. 19. Defect evolution map  for aluminum, for the simulated data and with a defect of initial width of 1.0 mm and wall angle of 15◦ , along the 7 drawing passes.
Fig. 20. Defect evolution map  for low carbon steel, for the simulated data and with a defect with an initial width of 1.0 mm and wall angle of 30◦ , along the 7 drawing passes.
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he alleviation and eventual elimination of initial defects during
xisymmetric drawing.
.5. The inﬂuence of the material on the defect evolution with the
rawing passes
Some simulations were performed with defects on the surface of
ow carbon steel and aluminum bars. The evolution of these defects
s displayed in Fig. 19 for aluminum, defect width of 1.0 mm and
all angle of 15◦, and in Fig. 20,  for low carbon steel, defect width
f 1.0 mm and wall angle of 30◦. These ﬁgures should be compared
ith Figs. 17 and 18,  respectively, which display the corresponding
imulations for copper. It can be seen that the defect evolutions are
ery similar for the three materials.
. Conclusions
The FEA simulation of the axisymmetric drawing of copper bars
ontaining longitudinal defects of various shapes and dimensions
escribes well the corresponding experimental results. A mesh
ith 0.01 mm elements close to the defects is necessary in order
o adequately describe the defect corner lap formation in the ﬁrst
rawing pass. Further drawing is well described with 0.1 mm  ele-
ents close to the defects.
Longitudinal defects with a ﬁnite length display a non-uniform
uperﬁcial opening along their length after axisymmetric drawing,
xhibiting the shape of a “cotton swab”.
For the present analysis, the evolution of the cross section of
he 1 mm wide longitudinal defects with the successive axisym-
etric drawing, taken at their mid-lengths, always led to surface
efects after 7 drawing passes, when the initial cross-section of
he defect was rectangular. Shallow defects (0.3 mm deep) led to a
ewly reported “double V” surface defect, whereas deeper defects
0.6 and 0.9 mm deep) led to “inverted Y” defects. Defects with ini-
ial depths above 0.9 mm lead to a new type of defect, involving
nly a radial lap (the “R” defect”).
The decrease in the initial width (from 1.0 to 0.5 mm)  of the
nitial defects with a rectangular cross section led to the formation
f both “double V” and “inverted Y” defects at an earlier drawing
ass, in relation to the situation for the wider defect. In addition,
nother new type of defect (the “inverted V” defects) is predicted.
adial laps in the ﬁnal product of hot rolled stock (which display an
nitial width Wi  = 0) will not be healed by axisymmetric drawing,
nd should be carefully detected and eliminated before the ﬁnal
rawing step.
A change in the shape of the initial defect, from a rectangular
ne to a ﬂat-bottomed “V” shape (bottom width 1.0 mm,  side angle
5◦) led to the formation of both “double V” and “inverted Y” defects
t a later drawing pass, in relation to the situation for the rectan-
ular defect. The increase of the side angle to 30◦ led to a furtheressing Technology 212 (2012) 237– 248
retardation of the defect formation, which was  eliminated for the
initially 0.3 mm deep defect. A high inclination of the defect wall
seems crucial to the defect elimination by axisymmetric drawing.
The simulation of the experimental defects considering low car-
bon steel or aluminum as the material under processing showed
results very similar to those for copper.
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